Fluid shear stress generated by blood flow modulates endothelial cell function via specific intracellular signaling events. We showed previously that flow activated the phosphatidylinositol 3-kinase (PI3K), Akt, and endothelial nitric-oxide synthase (eNOS) via Src kinase-dependent transactivation of vascular endothelial growth factor receptor 2 (VEGFR2). The scaffold protein Gab1 plays an important role in receptor tyrosine kinase-mediated signal transduction. We found here that laminar flow (shear stress ‫؍‬ 12 dynes/cm 2 ) rapidly stimulated Gab1 tyrosine phosphorylation in both bovine aortic endothelial cells and human umbilical vein endothelial cells, which correlated with activation of Akt and eNOS. 
Vascular endothelial cells, which form the inner lining of the blood vessel wall, are exposed to fluid shear stress, the dragging force generated by blood flow. Substantial evidence shows that flow modulates endothelial structure and function and is a major determinant of vascular remodeling, arterial tone, and atherogenesis (1, 2) . Steady laminar flow has beneficial effects on endothelial cell function, including inhibition of platelet aggregation, low density lipoprotein uptake, adhesion molecule expression, and vascular smooth muscle cell proliferation, as well as enhancing endothelial cell survival (3) . Many of these effects are related to increased nitric oxide (NO) 1 production by endothelial cells exposed to flow (4) . A decrease in the bioavailability of NO is a characteristic feature in patients with coronary artery disease (5) and aggravates the development of atherosclerotic lesions (6) . Flow stimulates production of NO via endothelial nitric-oxide synthase (eNOS) both in cultured endothelial cells and in intact vessels (7) (8) (9) (10) (11) (12) . We and others have previously reported flow-stimulated phosphorylation of eNOS regulates its enzyme activity (10, (13) (14) (15) , and phosphatidylinositol 3-kinase (PI3K) and its downstream serine/threonine protein kinase Akt (protein kinase B) mediate phosphorylation of eNOS at Ser-1179 (based on the bovine eNOS sequence and equivalent to human eNOS-Ser-1177) (11, 16, 17) . Recently we have found that flow rapidly activates vascular endothelial growth factor receptor 2 (VEGFR2) in a ligandindependent but Src-kinase-dependent manner, which leads to activation of Akt and eNOS in endothelial cells (18) . However, the proximal mechanisms for flow-mediated PI3K/Akt/eNOS signaling pathway via VEGFR2 remain unclear.
Scaffold proteins play an important role in receptor tyrosine kinase-mediated signal transduction pathways (19, 20) . Gab1 (Grb2-associated binder 1) is a member of a family of docking proteins that includes Gab2 and Gab3 (21) (22) (23) . Gab1-deficient mice die as embryos with multiple defects in placental, heart, skin, and muscle development (24, 25) . In contrast, Gab2-deficient mice are viable, but have a defect in the mast cell lineages and in allergic reactions (26) . Gab1 contains an aminoterminal PH domain, several proline-rich sequences, and multiple binding sites (phosphotyrosines) for SH2 domain-containing proteins. Gab1 rapidly becomes tyrosine-phosphorylated upon stimulation of appropriate cells with growth factors (27) . Tyrosine-phosphorylated Gab1 binds multiple signaling molecules, including the PI3K subunit p85 (21) (22) (23) . Gab1-p85 interaction is critical for PI3K activation in response to stimulation of several receptor tyrosine kinases, such as epithelial growth factor receptor, nerve growth factor receptor, and fibroblast growth factor receptor (28 -31) . Gab1 is highly expressed in endothelial cells (32) , but its function and regulation has been little studied.
Here, we show that flow stimulates tyrosine phosphorylation of Gab1 in an Src kinase-dependent and VEGFR2-dependent 1 The abbreviations used are: NO, nitric oxide; eNOS, endothelial nitric-oxide synthase; PI3K, phosphatidylinositol 3-kinase; VEGFR2, vascular endothelial growth factor receptor 2; Gab1, Grb2-associated binder 1; siRNA, small interference RNA; BAEC, bovine aortic endothelial cell; HUVEC, human umbilical vein endothelial cell; VTI, VEGF receptor tyrosine kinase inhibitor; SU1498, 4-[(4Ј-chloro-2Ј-fluoro)phenylamino]-6,7-dimethoxyquinazoline); PP2, 4-amino-5-(4-chlorophenyl)-7-(t-butyl)pyrazolo[3,4-d]pyrimidine; Akt, protein kinase B.
manner in endothelial cells. Tyrosine phosphorylation of Gab1 is functionally important, because flow stimulates association of Gab1 with p85 and inhibiting Gab1 function and expression decreases flow-induced Akt and eNOS activation. These data demonstrate a critical role of Gab1 in flow-mediated PI3K/Akt/ eNOS signaling in endothelial cells.
MATERIALS AND METHODS
Reagents-VTI (VEGF receptor tyrosine kinase inhibitor, 4-[(4Ј-chloro-2Ј-fluoro)phenylamino]-6,7-dimethoxyquinazoline), SU1498, PP2 (4-amino-5-(4-chlorophenyl)-7-(t-butyl)pyrazolo [3,4-d] pyrimidine), and herbimycin A were purchased from Calbiochem. Antiphospho eNOS antibody (Ser-1179 in bovine eNOS sequence, peNOS), anti-phospho-Akt antibody (Ser-473, p-Akt), and anti-Akt antibody were from Cell Signaling Technologies (Beverly, MA). AntieNOS monoclonal antibody was from BD Transduction Laboratories. Anti-phosphotyrosine 4G10 (pY-4G10), anti-PI3K p85 antibodies were from Upstate Biotechnology (Lake Placid, NY). Anti-Gab1 polyclonal antibody was from Santa Cruz Biotechnology (Santa Cruz, CA).
Cell Culture and Exposure to Flow-Bovine aortic endothelial cells (BAECs) were purchased from Clonetics (San Diego, CA) and were cultured in medium 199 supplemented with 10% fetal bovine serum (Invitrogen) (18) . Human umbilical vein endothelial cells (HUVECs) were isolated from human umbilical veins and grown in RPMI 1640 (Invitrogen) supplemented with 20% fetal bovine serum (HyClone), heparin (Sigma), and endothelial cell growth factors (isolated from bovine brain) (33) . Confluent cells cultured in 60-mm dishes were serum-starved for 24 h and exposed to laminar flow (shear stress ϭ 12 dyn/cm2) in a cone and plate viscometer (18) . For the inhibitor studies, cells were pretreated with various inhibitors for 30 min in serumdepleted medium.
Gab1 Mutant and Transfection-Mammalian expression constructs for cDNA encoding FLAG-tagged human Gab1 construct, Gab1⌬PI3K (Y447F/Y472F/Y589F, lacking three PI3K binding sites) were created by site-specific mutagenesis as described previously (34) . For transient transfection, BAECs were seeded in 60-mm dishes 24 h before transfection to yield a 60% confluent culture on the day of transfection. Transfection was performed using Lipofectamine, according to the supplier's instructions described previously (35) . 48 h after transfection, the cells were used for flow experiments.
Gab1 siRNA and Its Transfection-To determine the contribution of Gab1 in flow-stimulated signaling, we treated HUVECs with human Gab1 siRNA duplex obtained from Dharmacon, Inc. The sequences of specific siRNA against human Gab1 were sense GAGAGUGGAUUAU-GUUGUUUU and antisense 5Ј-PAACAACAUAAUCCACUCUCUU. The scrambled siRNA control was a nontargeting siRNA pool from Dharmacon, Inc. For transfection of siRNA, HUVECs were seeded into 60-mm dishes for 24 h about 80% confluence, and then transfection of siRNA was performed using Lipofectamine 2000 (Invitrogen) according to the manufacturer's protocol. Flow stimulation was performed 48 h after siRNA transfection.
Immunoprecipitation and Western Blot Analysis-Cells were harvested in lysis buffer (0.5% Triton X-100, 0.5% Nonidet P-40, 10 mM Tris, pH 7.5, 2.5 mM KCl, 150 mM NaCl, 30 mM ␤-glycerophosphate, 50 mM NaF, 1 mM Na 3 VO 4 , and 0.1% protease inhibitor mixture (Sigma) and clarified by centrifugation (18, 36) . The protein concentration of the lysate was determined using the Bradford method (Bio-Rad, Hercules, California). Equal amounts of protein were incubated with specific antibody overnight at 4°C with gentle rotation. Then protein A/G PLUS-agarose (Santa Cruz, California) was added and incubated for additional 2 h. Then the beads were washed extensively with lysis buffer, and immune complexes were eluted in SDS-PAGE sample buffer. Total immune complex samples or protein samples from total cell lysate were separated by SDS-PAGE, transferred to a nitrocellulose membrane, and incubated with appropriate primary antibodies. After washing and incubating with secondary antibodies, immunoreactive proteins were visualized by using the ECL detection system (Amersham Biosciences). Where indicated, the membranes were stripped and reprobed with another antibody. Densitometric analyses of immunoblots were performed by National Institutes of Health Image. Results were normalized by arbitrarily setting the densitometry of control cells to 1.0.
Statistical Analysis-Group differences were analyzed using the standard Student's t test. All values are expressed as means Ϯ S.E. p Ͻ 0.05 was considered statistically significant.
RESULTS

Flow Stimulates Rapid Tyrosine Phosphorylation of Gab1 in
Endothelial Cells-To gain insight into flow-mediated signaling events downstream of VEGFR2 (18), we studied tyrosine phosphorylation of Gab1. BAECs were exposed to flow for varying times and harvested for analysis of Gab1 phosphorylation. Tyrosine phosphorylation of Gab1 occurred within 2 min, FIG. 1. Flow stimulates phosphorylation of Gab1, Akt, and eNOS in BAECs. BAECs were exposed to flow (shear stress ϭ 12 dyn/cm 2 ) for the time periods indicated. A, cell lysates were immunoprecipitated (IP) with anti-Gab1 antibody, and the tyrosine phosphorylation of Gab1 (pY-Gab1) was detected by immunoblotting (IB) with anti-phosphotyrosine antibody 4G10, pY(4G10). The total amount of Gab1 in immunoprecipitates was determined by reprobing the same blots with anti-Gab1 antibody. B, quantitative analysis of protein tyrosine phosphorylation for Gab1. Results were normalized by arbitrarily setting the densitometry of control cells (time ϭ 0) to 1.0 (n ϭ 4). C, phosphorylation of Akt and eNOS in cell lysates were analyzed by immunoblotting with phosphospecific antibodies, phospho-Akt (Ser-473) and phospho-eNOS (Ser-1179). The same blots were stripped and reprobed with antibodies detecting total Akt and eNOS to monitor equal loading of samples.
FIG. 2.
Flow stimulates phosphorylation of Gab1, Akt, and eNOS in HUVECs. HUVECs were exposed to flow (shear stress ϭ 12 dyn/cm 2 ) for the time periods indicated. Phosphorylation of Gab1, Akt, and eNOS in cell lysates were analyzed by immunoprecipitation (IP) and immunoblotting (IB) as mentioned in Fig. 1 . A, tyrosine phosphorylation of Gab1 and total amount of Gab1. B, quantitative analysis of protein tyrosine phosphorylation for Gab1 (n ϭ 3). C, phosphorylation of Akt and eNOS and total Akt and eNOS. peaked at 15 min (5.7 Ϯ 0.6-fold increase), was sustained for 30 min (Fig. 1, A (upper panel) and B) , and returned to near baseline by 120 min after stimulation (not shown). There was no significant change in Gab1 protein levels during these experiments (Fig. 1A, lower panel) . Consistent with the results reported previously (18) , both Akt and eNOS were time-dependently phosphorylated in response to flow in BAECs (Fig. 1C) .
Flow also stimulated tyrosine phosphorylation of Gab1 in HUVECs in a time-dependent manner (Fig. 2, A and B) , although slower compared with BAECs. Akt and eNOS were time-dependently phosphorylated in response to flow in HUVECs (Fig. 2C) . The time course for Gab1 phosphorylation is correlated with that for Akt and eNOS activation by flow in both BAECs and HUVECs (Figs. 1 and 2 ), suggesting that Gab1 phosphorylation might be involved in Akt and eNOS activation by flow in endothelial cells.
Src Kinases and VGEFR2 Are Involved in Flow-induced Gab1
Tyrosine Phosphorylation-To characterize the tyrosine kinase responsible for flow-induced Gab1 phosphorylation, we first utilized the Src tyrosine kinase inhibitors, herbimycin A and PP2. Treatment with 1 M herbimycin A abrogated flowmediated Gab1 tyrosine phosphorylation (Fig. 3A) . Herbimycin A also abolished activation of Akt and eNOS by flow (Fig. 3A) . Similarly, 10 M PP2 inhibited flow-mediated Gab1 tyrosine phosphorylation (Fig. 3B) . Treatment with PP2 inhibited activation of Akt and eNOS as well (Fig. 3B) . These results strongly suggested that Src family tyrosine kinases play an important role in flow-induced Gab1 tyrosine phosphorylation as well as activation of Akt and eNOS in endothelial cells.
We showed previously that VEGFR2 tyrosine phosphorylation by flow was Src kinase-dependent, and VEGFR2 was required for flow-mediated PI3K/Akt/eNOS signaling (18) . To examine the role of VEGFR2 in flow-mediated Gab1 tyrosine phosphorylation, we studied the effects of SU1498 and VTI, two structurally different VEGFR2 kinase inhibitors. Treatment with 10 M VTI significantly inhibited flow-mediated Gab1 tyrosine phosphorylation (Fig. 4A) . VTI also significantly inhibited activation of Akt and eNOS by flow (Fig. 4A) . Similar effects were observed when cells were treated with SU1498 (Fig. 4B) . These results indicate that Gab1 tyrosine phosphorylation by flow is Src kinase-and VEGFR2 kinase-dependent, similar to flow-induced activation of Akt and eNOS (18) .
Gab1 Tyrosine Phosphorylation by Flow Mediates Activation of Akt and eNOS in Endothelial
Cells-To gain insight into the functional significance of Gab1 tyrosine phosphorylation in flow-mediated signaling events, we determined whether flow increases the association of Gab1 with PI3K in endothelial cells as reported for growth factor-stimulated cells (28 -31) . BAECs were exposed to flow for various times indicated in Fig. 5A , and cell lysates were immunoprecipitated with anti-Gab1 antibody and immunoblotted with anti-p85 antibody. Immunoprecipitation of Gab1 after exposure of BAECs to flow showed a significant increase in co-immunoprecipitated p85 (Fig. 5A) ,
To examine the role of Gab1 in flow-induced activation of Akt and eNOS, the downstream signaling molecules of PI3K, we transfected BAECs with the mutant Gab1⌬PI3K (Y434F, Y343F, and Y243F) lacking PI3K binding sites (21, 28) , which has dominant negative effect on growth factor-induced the recruitment and activation of PI3K (21, 28) . Although transfection efficiency is ϳ40% in BAECs, overexpressed Gab1⌬PI3K significantly decreased Akt activation in response to flow (Fig. 5, B and C) , indicating that Gab1/PI3K interaction is responsible for Akt activation. Moreover, eNOS activation was also attenuated by overexpression of Gab1⌬PI3K in endothelial cells (Fig. 5, B and C) .
Knockdown of Gab1 by siRNA Inhibited Flow-induced Activation of Akt and eNOS in Endothelial Cells-To further support the critical role of Gab1 in flow-induced PI3K/Akt/eNOS signaling, we knocked down endogenous Gab1 in endothelial cells using siRNA. Transfection of HUVECs with human Gab1 siRNA significantly reduced endogenous Gab1 expression, whereas control siRNA had no effect (Fig. 6A ). Gab1 siRNA is specific for targeting Gab1, because expression of ␤-actin, Akt, and eNOS were not changed (Fig. 6A) . Decreasing Gab1 expression by siRNA significantly inhibited flow-induced activation of Akt and eNOS in HUVECs (Fig. 6, A and B) .
DISCUSSION
The major findings of the present study are that flow stimulates tyrosine phosphorylation of Gab1 in a Src kinase-dependent and VEGFR2-dependent manner, and that tyrosinephosphorylated Gab1 is required for flow-induced activation of Akt and eNOS in endothelial cells. We found that Gab1 is rapidly tyrosine-phosphorylated in both BAECs and HUVECs in response to flow, which are correlated with activation of Akt and eNOS. Inhibition of Src kinases or VEGFR2 kinase with specific inhibitors significantly reduced flow-stimulated tyrosine phosphorylation of Gab1 and activation of Akt and eNOS. Furthermore, flow stimulated association of Gab1 with the PI3K subunit p85 in a time-dependent manner, and transfection of Gab1 mutant lacking p85 binding sites into endothelial cells inhibited flow-mediated activation of Akt and eNOS. Finally, knockdown of Gab1 by siRNA attenuated flow-induced activation of Akt and eNOS in endothelial cells. This is the first report to show a critical role of Gab1, a scaffold adaptor protein, in the fluid shear stress-mediated PI3K/Akt/eNOS pathway in endothelial cells.
Gab1 has multiple tyrosine phosphorylation sites that serve as binding sites for the SH2 domains of PI3K, phospholipase C-␥, SHP2, and CrkL (27, 28, 37) . Gab1 is tyrosine-phosphorylated in response to many growth factors and cytokines, resulting in activation of both the Ras/MAPK and PI3K/Akt signaling cascades (21) (22) (23) . Here we show for the first time that mechanotransduction via fluid shear stress rapidly induces Gab1 tyrosine phosphorylation in endothelial cells. In recognizing the significance of tyrosine phosphorylation induced on Gab1 by flow, the critical issue was to determine which one or more tyrosine kinases are responsible for this phosphorylation event.
We have previously shown that Src kinases and VEGFR2 are implicated in the cellular response to flow (18), therefore we evaluated the putative role of Src kinases and VEGFR2 in flow-induced Gab1 phosphorylation using selective inhibitors, herbimycin, PP2, VTI, and SU1498, respectively. These experiments show that these inhibitors significantly attenuated tyrosine phosphorylation of Gab1 and phosphorylation of Akt and eNOS by flow, indicating that Src kinases and VEGFR2 participate in flow-induced Gab1 phosphorylation as well as activation of Akt and eNOS in endothelial cells.
We previously showed that flow induced PI3K/Akt/eNOS pathway through Src kinases and VEGFR2 in endothelial cells (18) , but it is still not clear whether flow-stimulated VEGFR2 recruits and activates PI3K directly. VEGFR2 has several potential PI3K binding sites, many of them have been shown to be involved in activation of PI3K and Akt (38) , but none of them has been clearly shown to directly recruit p85 of PI3K (39, 40) . In this report, we show that activation of VEGFR2 by flow induces PI3K-Akt-eNOS activation in endothelial cells through the tyrosine phosphorylation of the docking protein Gab1. Based on our data published previously (18) and the results from this study, we propose that flow stimulates activation of Src kinases and transactivates VEGFR2. VEGFR2 activation results in recruitment and tyrosine phosphorylation of the scaffold adaptor Gab1. Phosphorylation of Gab1 leads to recruitment of PI3K, and the association of Gab1 with PI3K is required for activation of Akt, which induces eNOS activation and subsequently NO production in endothelial cells. It is well documented that VEGF stimulates VEGFR2 and PI3K/Akt/ eNOS signaling in endothelial cells (16, 41) . Therefore, it will be interesting to know whether the function of Gab1 is specific for mechanosignaling or involved in signal transduction of VEGFR2 activated by both flow and VEGF. The role of Gab1 in VEGF-induced signaling is under investigation.
In summary, our data show that Src kinase-and VEGFR2-dependent Gab1 tyrosine phosphorylation by flow mediates activation of Akt and eNOS in endothelial cells. Because endothelial-derived NO from eNOS is an important mediator for maintaining endothelial normal function and a negative regulator of vascular inflammation (4, 5, 42) , we suggest that flowmediated Gab1 phosphorylation may be involved in atheroprotective effect of laminar flow.
